A near isogenic line of rice carrying chromosome segments containing OsSPS1 of Kasalath in the genetic background of Koshihikari produces an increased spikelet number per panicle  by Hashida, Yoichi et al.
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The  aim  of this  study  was  to analyze  the  yield  characteristics  of  a near  isogenic  line  (NIL)  that  carried
chromosome  segments  containing  OsSPS1,  a gene  encoding  sucrose  phosphate  synthase  (SPS),  of  the
indica  cultivar  ‘Kasalath’  in  the  genetic  background  of the  japonica  cultivar  ‘Koshihikari’  (designated  as
NIL-SPS1).  To determine  the  growth  and  yield  characteristics  of  NIL-SPS1,  we  compared  NIL-SPS1  with
the  parental  cultivar,  Koshihikari,  from  ﬁeld  trials  conducted  over  the course  of a  three-year  period.  The
SPS  activity  in the  source  leaves  of  NIL-SPS1  was  higher  than  that  of  Koshihikari  at  the transplanting  and
panicle  formation  stage.  However,  at the  heading  stage,  no  signiﬁcant  differences  were observed  in the
leaf  SPS activities.  An analysis  of  the  yield  components  revealed  that the  spikelet  number  per  panicle
in  NIL-SPS1  was  38–47%  higher  than  that in Koshihikari,  mainly  due  to  the  larger  number  of  secondarypikelet  number rachis  branches.  In the substituted  chromosome  region  of  NIL-SPS1,  no  quantitative  trait  loci  (QTLs)  for
the  number  of  secondary  rachis  branches  have  been  reported,  so  far.  Collectively,  these  results  suggest
that  the chromosome  segments  of  Kasalath  in NIL-SPS1  contain  a new  putative  QTL for  the  number  of
secondary  rachis  branches.  Analysis  of  the  distribution  of  dry matter  revealed  that  a higher  source-leaf
SPS  activity  in NIL-SPS1  at  the  panicle  formation  stage  might  promote  the  distribution  of dry  matter  to
panicles  and  increase  the number  of secondary  rachis  branches.
 201©
. Introduction
To meet the demand of a growing world population, it is essen-
ial to increase the food production. Over the past half century, a
inear increase in food production has been achieved by improv-
ng the yield of crops. However, it is predicted that a further 37%
ncrease in the rate of yield is needed continuously for the next 40
ears (Tester and Langridge, 2010). Rice (Oryza sativa L.) is one of the
ost important crops in the world, especially in Asia. To meet the
Abbreviations: CSSL, chromosome segment substitution line; NIL, near isogenic
ine;  QTL, quantitative trait locus; SPS, sucrose phosphate synthase.
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increasing demands of the booming population and urbanization
of Asia, it is estimated that a 50% increase in rice yield is needed
(Murchie et al., 2009). Therefore, ﬁnding traits that substantially
increase rice yield is an urgent issue.
Over the past 20 years, quantitative trait locus (QTL) analysis has
been performed with a wide range of rice varieties to detect geneti-
cally complex traits, such as grain yield (Bai et al., 2012, for review).
As the fruit of steady efforts, a number of QTLs for yield traits have
been detected, and some promising genes have been identiﬁed by
map-based cloning strategies. For example, Gn1a was originally
detected as a QTL for grain number per panicle, which increases
the number of secondary rachis branches, and it was  revealed to
encode cytokinin oxidase (OsCKX2) (Ashikari et al., 2005). Besides
Gn1a, genes such as DEP1 (Huang et al., 2009), WFP  (Miura et al.,
2010), and APO1 (Ikeda et al., 2007; Terao et al., 2010), responsi-
ble for the other QTLs for increasing the number of rachis branches
Open access under CC BY-NC-ND license.in a panicle, were also identiﬁed. In addition, the genes respon-
sible for determining grain length, grain width, and grain ﬁlling
were also identiﬁed (Song et al., 2007; Shomura et al., 2008; Wang
et al., 2008). To increase the yield capacity of rice dramatically,
icense.
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yramiding these favorable QTLs (i.e., genes) into one strain has
een proposed, and some efforts have already been done (Ashikari
nd Matsuoka, 2006; Ando et al., 2008; Ohsumi et al., 2011). Accord-
ngly, identiﬁcation of QTLs associated with yield traits becomes
ore important.
QTLph1, a QTL for controlling plant height, was  detected by ana-
yzing near isogenic lines (NILs) carrying a chromosome segment of
he indica cultivar ‘Kasalath’ in the genetic background of the japon-
ca cultivar ‘Nipponbare’ (Ishimaru et al., 2001). Analysis of an NIL
arrying a chromosome segment containing QTLph1 of Kasalath
evealed that OsSPS1, a gene encoding sucrose phosphate synthase
SPS), is the target gene underlying QTLph1 (Ishimaru et al., 2004).
PS catalyzes the conversion of fructose 6-phosphate and UDP-
lucose into sucrose 6-phosphate, and it is generally considered
o be the rate-limiting enzyme in sucrose synthesis (Huber, 1983).
sSPS1 is one of the 5 isogenes encoding SPS in the rice genome.
xpression analysis revealed that OsSPS1 is preferentially expressed
n the source tissue, particularly in leaf blades, and it plays a dom-
nant role in sucrose synthesis in the source leaf blades among the
 isogenes for SPS (Okamura et al., 2011). There are some reports
hat an elevated activity of SPS increases crop yield (e.g., maize,
omato, and potato) in ﬁeld trials (Sarquis et al., 1998; Laporte et al.,
001; Ishimaru et al., 2008). In rice, the effect of elevated or sup-
ressed SPS activity on sucrose metabolism has been examined by
nalyzing the transgenic rice plants under glasshouse conditions
Ono et al., 1999, 2003; Hirose et al., 2012). However, no study has
nvestigated the effect of elevated SPS activity on plant growth and
roductivity of rice grown under ﬁeld conditions.
Ebitani et al. (2005) developed chromosome segment substitu-
ion lines (CSSLs) that contain a chromosome segment of Kasalath
n the genetic background of elite japonica cultivar ‘Koshihikari’.
n the process of establishing the CSSLs published, they detected a
ig. 1. Graphical genotype of NIL-SPS1. (A) Graphical genotype of NIL-SPS1 of the rice chro
f  the RFLP markers and their chromosome positions are indicated on the left side of th
he white and black regions indicate Koshihikari homozygous and Kasalath homozygou
hromosome 1. White and black regions indicate Koshihikari homozygous and Kasalath
ositions are indicated above the bar. V1 (OsSPS1) also indicates the position of the RFLP search 149 (2013) 56–62 57
putative QTL associated with leaf elongation rate in seedlings on
chromosome 1 and established an NIL carrying the putative QTL by
backcrossing Koshihikari to candidate lines (Ebitani, unpublished
result). Since the NIL carried a chromosome segment containing
OsSPS1 of Kasalath, we designated it as NIL-SPS1 for convenience.
Here, we  report the results of ﬁeld trials in light of comparisons
between Koshihikari and NIL-SPS1 in leaf SPS activities, growth,
biomass production, and yield components. We  show data indicat-
ing that NIL-SPS1 exhibits higher spikelet number per panicle.
2.  Materials and methods
2.1.  Plant materials
An  NIL of rice (O. sativa L.) was  generated in the process of devel-
oping chromosome segment substitution lines (CSSLs) carrying a
chromosome segment of indica cultivar ‘Kasalath’ in the genetic
background of japonica cultivar ‘Koshihikari’ (Ebitani et al., 2005).
From an SBC2F2 population that was used to select SL-202, a CSSL
for chromosome 1, heterozygously substituted lines carrying a QTL
for leaf elongation rate, was selected and used to establish an NIL.
Appropriate SBC2F3 lines were selected based on the genotype of
138 restriction fragment length polymorphism (RFLP) markers and
self-pollinated to obtain homozygously substituted SBC2F4 lines.
The graphical genotype of NIL-SPS1 used in this study is shown
in Fig. 1. The NIL-SPS1 carries a chromosome segment containing
OsSPS1 of Kasalath on chromosome 1 (homozygous from G7002 to
R3203, 1.1 cM), which is narrower than that of NIL6 (homozygous
from C86 to C112, 35.4 cM)  described by Ishimaru et al. (2004).
NIL-SPS1 also carries a chromosome segment of Kasalath on chro-
mosome 10 (homozygous from C961 to R2447, 4.1 cM).
mosome. Vertical bars numbered 1–12 denote the 12 rice chromosomes. The name
e bars of chromosomes 1 and 10, which have a chromosome segment of Kasalath.
s, respectively. (B) Graphical genotype of NIL-SPS1 around the region of SPS1 on
 homozygous, respectively. The name of the RFLP markers and their chromosome
marker that is located within OsSPS1.
5 ops Research 149 (2013) 56–62
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Fig. 2. SPS activity of Koshihikari and NIL-SPS1 during the transplanting, panicle
formation,  heading, and mid-ripening stages. White bars and gray bars indicate
Koshihikari and NIL-SPS1, respectively. Data obtained in 2009, 2010, and 2012 were8 Y. Hashida et al. / Field Cr
.2. Field experiment
Koshihikari and NIL-SPS1 were grown in paddy ﬁelds at the
nstitute for Sustainable Agro-ecosystem Services, The University
f Tokyo, Nishitokyo, Japan (35◦44′N, 139◦32′E) in 2009, 2010, and
012. Seeds were sown in a greenhouse on 28, 27, and 26 April, and
ransplanted on 27, 25, and 25 May  in 2009, 2010, and 2012, respec-
ively. The plot size was 5.4 m2 with 3 replicates in 2009, 3.96 m2
ith 2 replicates in 2010, and 5.76 m2 with 2 replicates in 2012. In
ny given year, the planting density was 22.2 hills per square meter
hill spacing of 30 cm × 15 cm)  with 1 seedling per hill. Compound
ertilizer for paddy ﬁelds (N:P2O5:K2O = 12:16:18%) was  applied at
 rate of 50 g m−2 as a basal dressing.
.3.  Determination of yield and yield components
The yield and yield components were measured from total 12
ills in 2009, 8 hills in 2010, and 10 hills in 2012 for each vari-
ty that were harvested at maturity (45, 42, and 45 d after heading
n 2009, 2010, and 2012, respectively). In 2009 and 2010, mean
 hills were selected for measurement judging from the panicle
umbers, and in 2012, all the 10 hills harvested were used for
easurement. Harvested panicles were dried in air for at least 1
eek and used for measurements. The ripened grains were selected
y sinking unhulled grains in salt water (d = 1.06 g ml−1). The per-
entage of ripened grains was calculated as 100 × (ripened grain
umber)/(total spikelet number).
To determine the panicle architecture of Koshihikari and NIL-
PS1, panicles were divided into primary and secondary rachis
ranches and were analyzed with 4 panicles (2 panicles × 2 hills)
er plot, which were harvested at maturity. To determine the dis-
ribution of the single-spikelet weight, spikelets of average-sized
 panicles were classiﬁed into 4 groups as follows: (1) ripened
pikelet on the primary rachis branch; (2) unripened spikelet on
he primary rachis branch; (3) ripened spikelet on the secondary
achis branch; and (4) unripened spikelet on the secondary rachis
ranch. The weight of each spikelet was measured, and the rela-
ive weight of a spikelet was calculated as 100 × (weight of each
pikelet)/(maximum spikelet weight in each variety).
.4. Determination of biomass production
Plant samples for biomass analysis were harvested at the head-
ng, mid-ripening, and maturity stages. On each sampling date, 4
ills per plot were cut at the ground level and then separated into
anicles and the rest (i.e., leaves and stems). Each part of the sam-
les was dried for at least 1 week in an oven at 80 ◦C to measure
he dry weight.
.5.  SPS activity assays
For  SPS activity assays, sampling was conducted at the trans-
lanting, panicle formation, heading, and mid-ripening stages. The
pper-most, fully expanded leaves were detached from the plants
t midday, frozen in liquid nitrogen, and stored at −80 ◦C until use.
or each leaf sample, a maximum activity of the SPS enzyme was
easured under Vmax assay conditions by the methods described
y Okamura et al. (2011).
.6.  Statistical analysisStatistical  analysis was performed using SPSS statistical soft-
are (IBM, Chicago, IL, USA). An analysis of variance was  conducted
ith the variety and year as ﬁxed factors, by using a general linear
odel procedure from SPSS statistical software.combined and analyzed statistically. No interaction between variety and year was
detected. Values are means ± standard error (N ≥ 11). * and *** represent signiﬁcance
at  p < 0.05 and p < 0.001, respectively, according to an analysis of variance.
3. Results
3.1. SPS activity in leaves
Fig.  2 shows the SPS enzyme activities in the source leaf blades of
Koshihikari and NIL-SPS1 at different developmental stages. Data
obtained in 2009, 2010, and 2012 were combined and analyzed
statistically. The SPS activity in NIL-SPS1 was 30% and 59% higher
than that in Koshihikari at the transplanting and panicle forma-
tion stages, respectively. These results indicated that chromosome
segments of Kasalath, which had been substituted in NIL-SPS1, con-
tained factor(s) that increase SPS activity in source leaves at these
developmental stages. However, at later developmental stages, the
SPS activity in NIL-SPS1 leaves did not differ signiﬁcantly from that
of Koshihikari.
3.2. Plant height and tiller number
We compared plant height and tiller number between Koshi-
hikari and NIL-SPS1 from 30 d after planting to maturity (Fig. 3).
In each year of ﬁeld trial, similar results were obtained for these
traits. The plant height of NIL-SPS1 tended to be higher than that of
Koshihikari throughout the measurement period, particularly after
heading (Fig. 3A). In contrast, tiller number in NIL-SPS1 tended to be
lower than that in Koshihikari, but the difference was not signiﬁcant
(Fig. 3B).
3.3.  Yield and yield components
To  clarify the yield characteristics of NIL-SPS1 in comparison
with Koshihikari, data on the yield and yield components obtained
in 2009, 2010, and 2012 were combined and analyzed statistically
(Table 1). No interaction between variety and year was detected for
all yields and yield components. The spikelet number per panicle
in NIL-SPS1 was  38–47% larger than that in Koshihikari, and the
Y. Hashida et al. / Field Crops Research 149 (2013) 56–62 59
Fig. 3. Growth analysis of Koshihikari and NIL-SPS1. (A) Plant height of Koshihikari and NIL-SPS1. (B) Tiller number of Koshihikari and NIL-SPS1. Closed circles and squares
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Vndicate Koshihikari and NIL-SPS1, respectively. Data were obtained from the exp
igniﬁcance at p < 0.05 and p < 0.001, respectively, according to a t-test (N ≥ 13).
otal spikelet number per hill in NIL-SPS1 was 34–41% larger than
hat in Koshihikari. However, the percentages of ripened grain and
000-grain weight in NIL-SPS1 were 11–17% and 10–14% smaller
han those in Koshihikari, respectively. As a result, unhulled grain
ield in NIL-SPS1 was signiﬁcantly higher than that in Koshihikari.
Since NIL-SPS1 exhibited a higher spikelet number per panicle
n comparison with Koshihikari, we further compared the panicle
rchitecture of Koshihikari and NIL-SPS1. Panicles were separated
nto primary and secondary rachis branches, and the number of
ach rachis branch, percentage of ripened grain, and single-grain
eight were measured (Table 2). In each year of ﬁeld trials, simi-
ar results were obtained for these traits. The number of secondary
achis branches in NIL-SPS1 was 49% larger than that in Koshihikari,
hereas the number of primary rachis branches in NIL-SPS1 did
ot differ signiﬁcantly from that in Koshihikari. In addition to the
igh number of secondary rachis branches, the spikelet number on
econdary rachis branches in NIL-SPS1 was 75% higher than that
n Koshihikari. The spikelet number on primary rachis branches in
IL-SPS1 was also 14% higher than that in Koshihikari. The per-
entage of ripened grain on primary rachis branches in NIL-SPS1
id not differ signiﬁcantly from that in Koshihikari, whereas the
ercentage of ripened grain on secondary rachis branches in
able 1
ield  and yield components of Koshihikari and NIL-SPS1.
Year Variety Panicle number
per  hill
Spikelet  number
per  panicle
Total  
numb
2009
Koshihikari 8.5 ± 0.6 112.3 ± 9.3 937.
NIL-SPS1 8.0 ± 0.4 165.1 ± 8.0 1319.
2010
Koshihikari 8.0 ± 0.0 113.9 ± 5.9 911.
NIL-SPS1 8.0 ± 0.4 157.2 ± 4.9 1256.
2012
Koshihikari 9.9 ± 0.4 105.9 ± 4.2 1041.
NIL-SPS1 9.5 ± 0.3 147.3 ± 4.0 1395.
Variety effect N.S. *** *** 
Year effect *** N.S. * 
Variety × Year N.S. N.S. N.S. 
alues are means ± standard error (N ≥ 4). N.S., no signiﬁcance.
* Signiﬁcance at p < 0.05, according to an analysis of variance.
*** Signiﬁcance at p < 0.001, according to an analysis of variance.nt in 2012. Similar results were obtained in 2009 and 2010. * and *** represent
NIL-SPS1  was  37% smaller than that in Koshihikari. The single-
grain weight of primary and secondary rachis branches in
NIL-SPS1 was 11% and 12% smaller than that in Koshihikari, respec-
tively.
To investigate the ripening pattern of spikelets within a panicle,
all spikelets were classiﬁed into 4 groups based on their positions
and relative densities, and the weight of each spikelet was  mea-
sured. Fig. 4 shows the frequency of distribution of the spikelet
weight in each of the 4 groups. On the primary rachis branch, the
frequency of unripened grain in NIL-SPS1 was  not different from
that in Koshihikari. However, on the secondary rachis branch, the
frequency of unripened grain at 50–80% in NIL-SPS1 was much
higher than that in Koshihikari.
3.4.  Biomass production
Fig.  5 shows the changes in the dry weight of the aboveground
parts of Koshihikari and NIL-SPS1 from the heading stage to matu-
rity stage. At the heading stage, the dry weight of panicles and the
total aboveground biomass in NIL-SPS1 did not differ from those
in Koshihikari (Fig. 5A). At the mid-ripening and maturity stages,
the dry weight of panicles in NIL-SPS1 was 14% and 18% higher than
spikelet
er per hill
Percentage  of
ripened  grain (%)
1000-grain
weight  (g)
Grain yield
(g  hill−1)
8 ± 25.9 94.1 ± 0.8 28.0 ± 0.3 24.7 ± 0.8
3 ± 86.0 81.7 ± 1.3 25.0 ± 0.2 26.9 ± 1.6
3 ± 47.0 85.6 ± 1.8 27.3 ± 0.2 21.2 ± 0.7
3 ± 65.4 76.3 ± 0.6 23.6 ± 1.2 22.5 ± 1.1
5 ± 38.1 79.8 ± 1.7 27.7 ± 0.1 22.9 ± 0.6
1 ± 46.0 66.0 ± 1.3 25.0 ± 0.1 22.9 ± 0.5
*** *** *
*** * ***
N.S. N.S. N.S.
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Table 2
Panicle architecture of Koshihikari and NIL-SPS1.
Variety Rachis branch number Spikelet number
per  panicle
Percentage of
ripened  grain (%)
Single grain
weight (mg)
Primary rachis branch
Koshihikari 10.0 ± 0.3 56.5 ± 1.8 85.2 ± 2.9 27.6 ± 0.5
NIL-SPS1  10.8 ± 0.3 64.3 ± 2.5 79.5 ± 3.8 24.6 ± 0.3
N.S. * N.S. ***
Secondary rachis
branch
Koshihikari  18.6 ± 1.0 53.4 ± 2.8 82.3 ± 2.1 25.9 ± 0.3
NIL-SPS1  27.8 ± 1.2 93.3 ± 5.3 51.6 ± 4.6 22.9 ± 0.2
*** *** *** ***
Total
Koshihikari 109.9 ± 4.0 83.9  ± 2.4 26.8  ± 0.3
NIL-SPS1  157.5 ± 6.4 62.9  ± 3.6 23.8  ± 0.2
*** *** ***
Data were obtained from the experiment in 2012. Similar results were obtained in 2010. Values are means ± standard error (N ≥ 7). N.S., no signiﬁcance.
* Signiﬁcance at p < 0.05, according to a t-test.
*** Signiﬁcance at p < 0.001, according to a t-test.
Fig. 4. Distribution of spikelet weight of the Koshihikari and NIL-SPS1. Data were obtained only from the experiment in 2012. Spikelets in 3 panicles were classiﬁed into 4
groups;  ripened grain on the primary rachis branch (PRB, dot region) and secondary rachis branch (SRB, stripe region), and unripened grain on the primary rachis branch
(  of the
r mum
N
t
t
N
p
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mPRB, gray region) and secondary rachis branch (SRB, black region). The frequencies
elative  weight of spikelets was calculated as 100 × (weight of each spikelet)/(maxi
IL-SPS1  was  29.9 mg  and 29.0 mg,  respectively.
hat in Koshihikari, respectively. The total aboveground biomass, on
he other hand, did not differ signiﬁcantly between Koshihikari and
IL-SPS1. On the other hand, the distributions of the dry matter to
anicles were signiﬁcantly higher in NIL-SPS1 than in Koshihikari
n any sampling point, even at the heading stage (Fig. 5B).
ig. 5. Aboveground biomass accumulation of Koshihikari and NIL-SPS1 after heading. D
009  and 2010. (A) Aboveground biomass at the heading, mid-ripening, and maturity st
espectively. White bars and gray bars indicate panicle weight, and leaf + stem weight, re
iomass at the heading, mid-ripening, and maturity stages of Koshihikari and NIL-SPS1. W
eans  ± standard error (N = 8). *, ** and *** represent signiﬁcance at p < 0.05, p < 0.01, and relative weight of each spikelet of Koshihikari (A) and NIL-SPS1 (B) are shown. The
 spikelet weight in each variety). The maximum spikelet weight in Koshihikari and
4. DiscussionIn the present study, we  analyzed the characteristics related
to biomass and yield of NIL-SPS1 that carries a chromosome seg-
ment containing OsSPS1 of Kasalath in the genetic background of
ata were obtained from the experiment in 2012. Similar results were obtained in
ages of Koshihikari and NIL-SPS1. Kos and NIL indicate Koshihikari and NIL-SPS1,
spectively. (B) The percentages of the weight of panicles to the total aboveground
hite bars and gray bars indicate Koshihikari and NIL-SPS1, respectively. Values are
 p < 0.001, respectively, according to a t-test.
ops Re
K
c
s
w
o
m
c
t
c
p
p
s
s
a
r
o
s
r
I
o
p
i
p
m
c
n
b
f
a
s
(
t
i
d
w
i
d
w
i
s
d
m
S
S
t
t
h
f
f
s
r
i
r
c
p
t
S
1
p
t
g
k
sY. Hashida et al. / Field Cr
oshihikari (Fig. 1). The data of SPS activity and plant height are
onsistent with the results of Ishimaru et al. (2004). Since the sub-
tituted chromosome 1 region in NIL-SPS1 (from the current study)
as narrower than that in NIL6 (described in Ishimaru et al., 2004),
ur results suggest, more strongly, that the substitution of a chro-
osome segment containing OsSPS1 of Kasalath on japonica rice
ultivars is responsible for increased plant height.
To clarify the yield characteristics of NIL-SPS1, we  compared
he yield characteristics of NIL-SPS1 with that of the parental
ultivar Koshihikari by performing three-year ﬁeld trials. In com-
arison with Koshihikari, NIL-SPS1 had a larger spikelet number
er panicle. These data were mainly due to a larger number of
econdary rachis branches per panicle and, consequently, a larger
pikelet number on secondary rachis branches (Table 2). There
re some reports on QTLs that increase the number of secondary
achis branches, such as grain number 1 (Gn1a) encoding cytokinin
xidase (OsCKX2) (Ashikari et al., 2005). However, on the chromo-
ome segments of Kasalath in NIL-SPS1, there are no QTLs or genes
eported for determining the number of secondary rachis branches.
n addition, from the preliminary observations of the CSSLs devel-
ped by Ebitani et al. (2005), chromosome 10 does not contain a
utative QTL for the number of secondary rachis branches per pan-
cle (Ebitani, unpublished result). Although we  cannot exclude the
ossibility of an epistatic effect between chromosome 1 and chro-
osome 10, these results suggest that the substituted region of
hromosome 1 in NIL-SPS1 contains a new putative QTL for the
umber of secondary rachis branches per panicle.
It is well known that spikelet number per panicle is determined
y the differentiated and degenerated spikelets at the panicle
ormation stage (Matsushima, 1957; Wada, 1969). Some studies
nalyzed the relationship between the number of differentiated
pikelets and dry matter production during panicle formation
Hasegawa et al., 1994; Ansari et al., 2003). These studies suggest
hat higher dry matter production during panicle formation results
n increased spikelet number per panicle. It is also reported that
ry matter production in the early vegetative stage is correlated
ith leaf SPS activity in maize (Causse et al., 1995), suggesting the
nvolvement of SPS activity in source ability and dry matter pro-
uction. However, neither aboveground biomass nor panicle dry
eight differed between Koshihikari and NIL-SPS1 at the head-
ng stage (Fig. 5). It seems unlikely that higher SPS activity in
ource leaves at the panicle formation stage in NIL-SPS1 promoted
ry matter production. On the other hand, the distribution of dry
atter to panicles at heading stage was signiﬁcantly higher in NIL-
PS1 than in Koshihikari (Fig. 5B). The result indicates that higher
PS activity in NIL-SPS1 at the panicle formation stage promotes
he allocation of photoassimilate to panicles without increasing
he total production of dry matter. The difference between Koshi-
ikari and NIL-SPS1 in photoassimilate allocation at the panicle
ormation stage may  result in the difference in the number of dif-
erentiated spikelets. Although NIL-SPS1 has a larger number of
econdary rachis branches, an increase in the number of primary
achis branches was not observed in NIL-SPS1 (Table 2). This may
ndicate that there is a difference between primary and secondary
achis branches in response to carbohydrate supply or nutrient
onditions within a panicle.
Due  to a larger number of spikelets per panicle, the sink size of
anicles in NIL-SPS1 appeared to be larger when compared with
hat in Koshihikari. However, the increase in grain yield in NIL-
PS1 was limited because both percentage of ripened grain and
000-grain weight were lower in NIL-SPS1 than in Koshihikari. The
ercentage of ripened grain in NIL-SPS1 was 11–17% smaller than
hat in Koshihikari (Table 1) due to a lower percentage of ripened
rain on secondary rachis branches in NIL-SPS1 (Table 2). It is well
nown that one of the factors that determine grain ﬁlling is the
ource ability after heading (Matsushima, 1957; Yoshida, 1972).search 149 (2013) 56–62 61
It  has also been reported that some varieties with high spikelet
number per panicle, such as New Plant Types, showed poor grain
ﬁlling. This appears to be especially true for inferior spikelets on
the secondary rachis branch, with poor sink strength because of
the small number of endosperm cells and low sink activity (Peng
et al., 1999; Fu et al., 2011). In the present study, leaf SPS activity
and total aboveground biomass after heading in NIL-SPS1 did not
differ signiﬁcantly from those in Koshihikari (Fig. 5A). These results
indicate that the source ability of NIL-SPS1 may  be similar to that
of Koshihikari. In addition, the distribution of the relative weight
of unripened grains indicates that the decrease in the percentage
of ripened grain was  not due to an increase in the number of ster-
ile grains but due to an increase in the number of immature grains
(Fig. 4). From these results, we conclude that the small source ability
relative to its large sink size in NIL-SPS1 could decrease the per-
centage of ripened grain. This may be especially true for grains on
secondary rachis branches, which include inferior spikelets. How-
ever, the distributions of dry matter to panicles in NIL-SPS1 at
mid-ripening and maturity stages were higher than that in Koshi-
hikari (Fig. 5B). This may  indicate that the high sink capacity, caused
by the larger number of spikelets on secondary rachis branches,
promoted the allocation of dry matter to panicles. Therefore, by
compensating with its relatively small source ability, NIL-SPS1 can
be a promising material for improving grain yield of rice. Intro-
duction of QTLs for high source ability or growing at high CO2
conditions would be effective for reinforcing the source ability of
NIL-SPS1.
5. Conclusions
The substituted segment of chromosome 1 in NIL-SPS1 could
contain a new putative QTL for increasing the number of secondary
rachis branches, and SPS activity in source leaves might be associ-
ated with the trait. Further studies (e.g., narrowing the putative QTL
region, which would include assessing the effect of chromosome
10) will be required to identify the target gene for the putative QTL.
To assess the effect of leaf SPS activity on panicle architecture, RNA
interference of OsSPS1 with NIL-SPS1 would be an effective method.
Furthermore, pyramiding this QTL with other QTLs for improving
source ability and/or lodging resistance (Ookawa et al., 2010 and
references therein) may  contribute to the breeding of high yield
varieties of japonica rice.
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